A kinetic model was proposed for describing the curd assembly of skimmed goats' milk during enzymic coagulation. The enzymic coagulation of milk was monitored using an optical sensor that measured diffuse reflectance (light backscatter) at 880 nm. The appearance of a shoulder, at low temperatures and protein concentrations, in the diffuse reflectance ratio profile after the inflection point of the curve (T max ) appeared to separate the aggregation and curd firming steps. The diffuse reflectance ratio profile after T max was attributed to the overlapping of casein micelles aggregation and curd firming reactions. The developed kinetic model combined a second order reaction model to describe aggregation reactions and a first order reaction model to describe firming processes reactions. A completely randomised block design with three replications was used to determine the effect of protein concentration and temperature on kinetic constants. Milk was adjusted to three levels of protein (30, 50 and 70 g/kg), and coagulated at five temperatures (20, 25, 30, 35 and 40 8C) to test a wide range of processing conditions. Data points from each profile after T max were fitted to the proposed model using non-linear regression. The average R 2 and standard error of prediction (SEP) for 45 tests conducted were in the range of 0 . 9975 ± 0 . 0027 and 0 . 0081 ± 0 . 0037, respectively. A significant increase in characteristic times for aggregation (t 2 ) and curd firming processes (t 1 ) were found when temperature decreased or protein increased. Theoretical asymptotic value of reflectance ratio, R 1 , increased with increasing level of protein and temperature (P <0 . 05). The parameter b 1 , which represented the fraction of diffuse reflectance ratio attributed to aggregation, decreased with increasing temperature and decreasing protein.
It is generally accepted that two major kinetic processes are involved in enzymic milk coagulation (Dalgleish, 1979; Walstra & van Vliet, 1986; van Hooydonk & Walstra, 1987) . The first step, which appears to be the best known, consists of enzymic casein micelle destabilization. The second step consists of the gel formation by aggregation of the destabilized casein micelles. However, the apparently well-established division of milk coagulation into these two main stages is not universally accepted. Some authors formally divide the coagulation reaction into these two mentioned steps, but also ambiguously differentiate between concepts, such as aggregation and gel assembly. In this way, Green (1984) considered the curd assembly as the later stage of aggregation but analysed it separately from aggregation. Fox & Mulvihill (1990) also treated the gel assembly separately from the secondary phase of coagulation. Several authors consider three different stages during milk coagulation: proteolysis, aggregation and gel firming (Storry & Ford, 1982; McMahon & Brown, 1984; Carlson et al. 1987a) . Johnston (1984) divided the enzymic milk coagulation into four steps : hydrolysis, agglomeration, gel formation by crosslinking reactions and further crosslinking to increase gel strength. McMahon & Brown (1990) gave a continuous description of the process: hydrolysis; aggregation; formation of a network of casein particles at the gelation point ; continuation of casein micelle incorporation into the gel network and rearrangements of chains of casein; fusion and consolidation of micelles into thick strands with whey expulsion.
Most authors do not clearly differentiate between aggregation and curd firming steps because these processes are not well known at the molecular level. In fact, there is an important lack of knowledge regarding the molecular sequence and nature of the crosslinking process, especially after the primary network formation. One of the reasons, which could be argued, is that the results derived from different devices normally used to study the kinetics of aggregation and curd firming (viscosity, rigidity modulus and light scattering) show more sensitivity to one of the different stages of coagulation, which should considerably modify the type of kinetics observed. For example, viscosity increases exponentially between the beginning of aggregation and the onset of visual coagulation (Fox & Mulvihill, 1990) . Most devices normally used to measure the increase of curd firmness do not have the sensitivity to measure the small change of the modulus at the gelation point (McMahon & Brown, 1990) . As a consequence, the majority of the mathematical models developed to describe gel assembly during milk coagulation generally focus on either aggregation or curd firming processes. Nevertheless, Carlson et al. (1987b, c) analysed separately the kinetic aspects of both casein micelle aggregation and curd firming.
Network formation during enzymic coagulation has been studied by many authors using light scattering. Light scattering depends on the number and size of particles, the wavelength of the incident radiation, and the difference in refractive index between the different kinds of particles and solvent (Lochte-Watson et al. 1998) . In milk the substances responsible for light scatter are fat globules and casein micelles (Walstra & Jenness, 1984) . Dalgleish (1979) reported that a change in turbidity was directly related to the rate of aggregation, if total casein concentration did not vary during the measurements. McMahon et al. (1984b) claimed that turbidity progressively increased due to protein network growth. Peri et al. (1990) and Ló -pez (1993) also mentioned an increase in turbidity during aggregation. In 1998, Lefebvre-Cases et al. stated that aggregation resulted in cluster and strand formation that increased turbidity and light reflection. Hardy & Fanni (1981) suggested that lightening of milk coagulated by rennet resulted from an increase in average dimension of particles during aggregation. Crofcheck et al. (1999) attributed light scattering increase during milk coagulation to the changes in particle size distribution and protein crosslinking. McMahon et al. (1984c) suggested that the gel point could be obtained by either curd firmness data or apparent light absorbance measurements. According to Carlson et al. (1987b) for particles smaller than l/20 (l, light wavelength), the turbidity was directly proportional to their average molecular weight, which is also approximately true for the large particles and particulate agglomerates. According to Lomholt et al. (1998) and the reviews of Korolczuk & Maubois (1988) , several methods based on light scattering have been used to obtain the weightaverage molar mass of rennet coagulating casein and/or to calculate the aggregation reaction constant. Horne & Davidson (1990) applied the diffusing wave spectroscopy (DWS), a measuring method based on dynamic light scattering techniques, to study particle diameter evolution during rennet curd formation. They stated that the technique was able to monitor the entire gel firming stage. Grotenhuis et al. (1999) applied DWS technique on line to follow the curd firming progress during cheesemaking. Optical measurement systems for monitoring milk coagulation were recently reviewed by O'Callaghan et al. (2002) .
It was hypothesised that light backscatter at 880 nm was sufficiently sensitive to both aggregation of casein micelles and curd firming development, and that information on these two processes could be quantified simultaneously. The objectives of this study were to 1. Monitor the increase in light backscatter during rennet coagulation of goats' milk, under the experimental conditions typical for cheesemaking. 2. Analyse the reflectance ratio profile after the inflection point of the curve (T max ) by fitting a model containing a second order term for describing aggregation reactions and a first order term for describing curd firming reactions. 3. Study the effect of temperature and protein concentration on the kinetic parameters derived from the model.
Materials and Methods
Data analysed in this study corresponded to the data set presented by Castillo et al. (2003) . A summary of the experimental materials and methods follows.
Summary of experimental materials and methods
The enzymic coagulation of goats' milk was tested under different reaction rates and substrate concentration by varying temperature and protein concentration. A completely randomised block design with protein concentration and coagulation temperature as main factors and three replications was utilized to correlate diffuse reflectance changes with aggregation and curd firming reactions. Goats' milk was adjusted to three levels of protein (30, 50 and 70 g/kg) and coagulated at five temperatures (20, 25, 30, 35 and 40 8C) . The concentrations of enzyme (0 . 06 ml/kg milk) and calcium chloride (0 . 47 g/kg milk) were held constant. The milk was skimmed at 35-40 8C using an electric cream separator. The skimmed goats' milk was pasteurized for 30 min at 65 8C and then condensed by low temperature evaporation (30-40 8C) in a lab scale vacuum evaporator to increase protein concentration to approximately 100 g/kg. For every replication, skim milk ultrafiltrate (SMUF ; Jenness & Koop, 1962) was prepared for diluting condensed skim milk to the desired protein level. Condensed skim milk from every batch was analysed for protein (Milkoscan FT 120, Foss Electric, A/S, 69 Slangerupgade, 3400 Hillerod, Denmark), and the protein percentage was used to calculate mixture proportions. Anhydrous calcium chloride was added to each sample. After calcium chloride was added, the milk was stirred and cooled to 2 8C. Sample pH was adjusted to 6 . 8 before coagulation by adding 1 . 0 M-NaOH at 2 8C. A constant sample dilution was maintained by adding de-ionised water as needed.
Milk was coagulated in a closed 2-liter vat. The milk temperature was controlled using a circulating water bath and was measured with a precision thermistor thermometer. Samples were warmed, placed into the reaction vessel, and allowed to thermally equilibrate for approximately 15 min. The enzyme (EC 3.4.23.4, isozyme B, Chr. Hansen Inc., 9015 West Maple Street, Milwaukee, , USA) was added to the milk, and stirred for 1 min. To assure a constant dilution rate, 120 ml of recombinant chymosin was diluted in 10 ml de-ionised water. Reflectance measurements were started simultaneously with enzyme addition. Coagulation was monitored using a fibre optic sensor (Model 4A CoAguLite, Reflectronics, Inc., 3009 Montavesta Rd., Lexington, KY 40502, USA). A normalized reflectance profile was generated for each sample. The reflectance voltage was collected every 2 sec with an average recorded every 6 sec. A reflectance ratio (R) was calculated by dividing the voltage output from the sensor by the average of the first 10 voltage data points collected. The first derivative (Rk) of the reflectance ratio profile as a function of time was calculated by using 4 min of the most recently collected data (41 data points). The slope was calculated using linear least squares regression after collecting each data point and assigned to the midpoint of the data set used. The second derivative (Rkk) was calculated using a similar procedure.
Statistical analysis
Data points from each reflectance profile were fitted to the kinetic models using the non-linear regression procedure of the Statistical Analysis System (SAS 1 1999, SAS Institute Inc., SAS Campus Drive, Cary, NC 27513-2414, USA) to determine the kinetic parameters for aggregation and curd firming. Kinetic parameters obtained were analysed using the general linear model (GLM) procedure of SAS 1 (1999). Least squares means (LSM) and significance of each treatment were computed using partial sum of squares (Type IV SS ). Differences between treatment means were considered to be significant when probabilities were P <0 . 05. The independent variables selected as main effects in the statistical model were 'Rep ' (to quantify the confounded effect of the batch milk composition and the replication effect), protein concentration and temperature. Fat and free Ca 2+ concentration were included in the statistical model as co-variables, but Ca 2+ was later found to be insignificant and hence, removed from the model. Figure 1 shows a diffuse reflectance profile for the enzymic coagulation of goats' milk with the calculated first and second derivative. The time-based parameters T max , T 2max and T 2min are identified. The reflectance ratio at T max is R max and the asymptotic value, R 1 , represents the asymptotic diffuse reflectance ratio at infinite time. The proposed kinetic model considers that curd assembly consists of two different reactions occurring simultaneously. The first Derivatives Fig. 1 . Diffuse reflectance profile, and its characteristic first and second derivative versus time. Data is for skim milk adjusted to 70 g protein/kg and coagulated at 40 8C and at constant calcium chloride and enzyme concentration. T max , maximum of the first derivative ; T 2max , maximum of the second derivative ; T 2min , minimum of the second derivative ; R max , reflectance ratio at T max ; R 1 , asymptotic value at infinite time for the diffuse reflectance ratio. Zone marked in gray highlights the segment of the diffuse reflectance profile after T max that was hypothesized to result from simultaneous aggregation and curd firming reactions and was fitted to Model I.
Model for simultaneous aggregation and curd firming
reaction is the aggregation of casein micelles and was assumed to follow second order kinetics. The second reaction is curd firming and was assumed to follow first order kinetics. The hypothesis for the development of a combined model was that the increase of the diffuse reflectance ratio after T max was proportional to the sum of the response from these two simultaneously occurring reactions, i.e.:
where, (R 1 -R max ) is the total increase in the diffuse reflectance ratio after T max (Fig. 1 ), (A 1 -A 0 ) is the increase in the diffuse reflectance ratio, after T max , resulting exclusively from aggregation reactions, and (F 1 -F 0 ) is the increase in the diffuse reflectance ratio, after T max , resulting exclusively from curd firming reactions.
It was deduced from Eqn (1) that for any time after T max ,
Applying a second order equation to describe the increase in diffuse reflectance ratio resulting from aggregation reactions (A 1 -A 0 ) yields the following expression:
where k 2 = the second order rate constant, and t = time after T max . Rearranging Eqn (3) and solving for (A -A 0 ) yields
Likewise, applying a first order equation to describe the increase in diffuse reflectance ratio resulting from curd firming reactions (F -F 0 ) yields the following expression :
where k 1 = the first order rate constant. Substituting Eqns (4) and (5) into Eqn (2) and solving for R yields
Let
where tk = time after enzyme addition. Substituting Eqn (7) into Eqn (6) gives
The partition of the increase in diffuse reflectance ratio into that resulting from aggregation (A 1 -A 0 ) and that resulting from curd firming (F 1 -F 0 ) was simplified by making the following definitions :
Substituting Eqns (9) and (10) into Eqn (1) and solving for b 2 yields
Then, Eqns (9), (10) and (11) were substituted into Eqn (8) to give
Eqn (12) was defined as Model I and described the reflectance change resulting from the simultaneous aggregation and curd firming reactions as a function of time after T max ( Fig. 1) . Model I has four unknown parameters (R 1 , b 1 , k 1 , k 2 ) required to describe the increase in the reflectance. Model I inherently assumes that both aggregation and curd firming reactions start simultaneously because T max was used as the starting time for both reactions. Regarding this assumption, it is generally accepted that aggregation starts when 60-80% of k-casein has been hydrolysed (Carlson et al. 1987a, b ; Dalgleish, 1993) . As argued later, it was estimated that an average of 78 % of k-casein was hydrolysed at T max . These data support the assumption that a significant level of aggregation begins at T max . Likewise, a significant level of curd firming is likely to begin a small and unknown period of time after the onset of aggregation. The assumption that curd firming starts at T max was considered reasonable to simplify the Model I. The error associated with this assumption is a small reduction in the estimated magnitude of the curd firming kinetic constant. Additionally, Model I assumes that all potential crosslinking sites are hydrolysed at T max , i.e., enzymic hydrolysis is complete. This assumption is justified later.
Aggregation and curd firming rate constants
Model I was fitted to the entire reflectance profile after T max (as discussed in Results and Discussion) to estimate the four unknown parameters (R 1 , b 1 , k 1 , k 2 ). However, because of the overlap between aggregation and curd firming reactions and resulting correlation between parameters, consistent estimation of the kinetic parameters was not possible. For this reason, each profile was split into two parts with aggregation kinetics assumed to dominate during the first part and curd firming kinetics during the second part. The criteria for splitting the curve into parts were the presence or absence of a second maximum in the second derivative and the shape of the curve especially with regard to the appearance of a shoulder. The curves that had one maximum in the first derivative ( Fig. 1 and Fig. 2a ) were classified as Type A curves and those with two ( Fig. 3 ) were classified as Type B.
Model II, introduced later as the aggregation model, was fitted using non-linear regression to the first part of the curve after T max to obtain the kinetic parameters for aggregation. The data points included in the Model II regression for both Type A and B profiles were between T max Fig. 2 . Splitting of the diffuse reflectance profile to obtain the experimental aggregation and curd firming rate constants. Two additional axis were introduced at T max (axis 2) and at T 2min (axis 3) (a) R, reflectance ratio ; R A , reflectance ratio attributed to aggregation ; R F , reflectance ratio attributed to curd firming ; tk, time after enzyme addition; t A , time after T max ; t F , time after T 2min ; T max , maximum of the first derivative ; T 2max , maximum of the second derivative ; T 2min , minimum of the second derivative; R max , reflectance ratio at T max . Data points between T 0A (relative time zero for aggregation or T max ) and T 2min (b) were fitted to Model II †. R 1A , asymptotic reflectance ratio at infinite time (aggregation) ; R 0A , reflectance ratio at T 0A . Data points after T 0F (relative time zero for curd firming) (c) were fitted to Model III †. R 1F , asymptotic reflectance ratio at infinite time (curd firming); R 0F , reflectance ratio at T 0F . † Models II and III are described in the text ; see Materials and Methods section.
and T 2min (Fig. 2b ). Model III, introduced later as the curd firming model, was fitted using non-linear regression to the second part of the curve to obtain the kinetic parameters for curd firming. The data points included in the Model III regression were between T 2min and the end of the profile for Type A curves ( Fig. 2c ) and between T 2min2 (Fig. 3c, d ) and the end of the data collected for Type B profiles.
Model of aggregation
A model was developed to determine the aggregation kinetic parameters, k 2 , from the diffuse reflectance profile. The von Smoluchowski theory of fast perikinetic flocculation predicts that the rate of disappearance of single particles in solution to form doublets should follow second order kinetics (Carlson et al. 1987b ). The approximations assumed in this theory limit its application, even though it does provide a useful approximation of the increase in diffuse reflectance during aggregation. Aggregation was assumed to follow a second order equation:
where A = concentration of potential crosslinking sites at t A , k 2 = crosslinking reaction rate constant for aggregation reactions, and t A = time after aggregation begins (time after T max in this case).
Integration of Eqn (13) gives
where A 0 = concentration of potential crosslinking sites at time zero (i.e., T max ).
Eqn (14) can be rearranged as follows :
The application of Eqn (15) to model the aggregation reactions under our experimental conditions required two assumptions. First, the change in diffuse reflectance between T max and T 2min (Fig. 2b) was dominated by aggregation reactions; second, the change in optical response was proportional to aggregation reactions, i.e.,
where DR A = the increase in diffuse reflectance ratio resulting from aggregation reactions. Eqn (15) was expressed in terms of the reflectance parameters as illustrated in Fig. 2b using the following three definitions. First, let where R 1A = the asymptotic value of the reflectance ratio resulting exclusively from aggregation, and R 0A = the reflectance ratio at time T max (i.e., R max ). Second, let
where tk = time after enzyme addition. Finally, let
where R A = reflectance ratio at time t A .
Substituting these definitions into Eqn (15) and rearranging yields
Eqn (20) was designated as Model II and described the reflectance changes of coagulating milk resulting exclusively from aggregation. Model II is based on the assumption that the optical reflectance change is proportional to the disappearance of crosslinking sites. A characteristic time (t 2 ) for a second order chemical reaction was defined as the time required for 50 % of the remaining reactions to take place and was calculated as follows:
Model II required the estimation of two parameters: R 1A and k 2 .
Model for curd firming
A first-order equation was used to describe the experimental data for curd firming and to estimate k 1 (Douillard, 1973; Tokita et al. 1982; Carlson et al. 1987c; Niki et al. 1994) . Assuming first-order behaviour for disappearance of crosslinking sites and a linear correlation between light backscatter and the disappearance of crosslinking sites, the curd firming process was described by the equation:
where R F = reflectance ratio at time tk -T 0F , R 1F = the asymptotic value of the reflectance ratio resulting exclusively from curd firming reactions, R 0F = the reflectance ratio at time T 0F , k 1 = the first order reaction rate constant for curd firming reactions, tk = time after enzyme addition, and T 0F = the assumed start time for the curd firming reactions (equivalent to T 2min for Type A profiles and T 2min2 for Type B profiles).
Eqn (22) was designated as Model III and described the reflectance changes of coagulating milk resulting from curd firming reactions. The characteristic time (t 1 ) for Model III was defined as the time required for 50 % of the remaining reactions to take place and was determined by the equation:
Model III required the estimation of two parameters: R 1F and k 1 .
Extent of hydrolysis at T max
Saputra (1992) measured macropeptide concentration as non-protein nitrogen (NPN) and diffuse reflectance during the enzymic hydrolysis of milk to quantify the extent of hydrolysis. They reported that the normalised non-protein nitrogen concentration (NNPN), which measures the degree of hydrolysis (a) or the fraction of the k-casein hydrolysed, was described by the following first order equation:
(24)
where t = reciprocal of the first order rate constant, k f , for enzymic hydrolysis, and t = time after addition of enzyme.
Their experimental data for t and T max measured at 820 nm was reviewed and a linear regression between t and T max yielded the equation:
with a R 2 of 0 . 93. The degree of hydrolysis (a) at T max was found to be 0 . 78 by substituting Eqn (25) in (24) and calculating NNPN when t = T max . Micelles cannot appreciably aggregate until the degree of hydrolysis reaches 60-80 % (Carlson et al. 1987a, b ; Dalgleish, 1993) (Fig. 4) . Using data from Castillo et al. (2000) , T max was calculated to be 89 % of the Berridge clotting time. These results are in agreement with Green et al. (1978) who reported that aggregation was observed at 70-90 % of the clotting time. It was thus concluded that the extent of hydrolysis at T max was near completion. These data supports the assumption used in the development in the above models that approximately all potential crosslinking sites were available at T max . The additional crosslinking sites that are added after T max will result in an over estimation of the kinetic constants for both aggregation and curd firming. The use of enzyme kinetics to continuously adjust the available sites may increase the precision of estimation of the kinetic constants but would severely complicate the model.
Results and Discussion
The effect of temperature and protein on the diffuse reflectance profile is shown in Fig. 5a and 5b, respectively. Fig. 5a shows the influence of temperature on the profiles Modelling aggregation and curd firming at protein concentration of 30 g/kg. At reaction temperature of 20 8C, a distinctive shoulder separated the diffuse reflectance profile, but as temperature increased, this shoulder disappeared into a smooth sigmoidal curve. Fig. 5b shows the effect of protein concentration on the profiles at a reaction temperature of 20 8C. A distinctive shoulder occurred at 30 g protein/kg but gradually disappeared into a sigmoidal curve as protein content increased. 
Shoulder in the diffuse reflectance profile
The appearance of the shoulder suggests that gel assembly consisted of two distinct, but overlapping, processes. The shoulder had an effect on the first and second derivative. A second maximum was observed in the first derivative as shown in profile Type B (Fig. 3b) . This shoulder was increasingly evident in the diffuse reflectance profiles with decreasing temperature and decreasing protein concentration. Other researchers have observed the overlapping of the aggregation and curd firming phases of gel assembly. Steinsholt (1973) , using an Instron 1 Universal Testing Instrument, provided some evidence for the existence of two phases during curd formation, but attributed it to an artefact. Storry & Ford (1982) , also using an Instron 1 , described the firming/time curve as an asymmetric sigmoid with an aberration after rennet clotting time. It was suggested that this shoulder was a consequence of two coexisting curves. The first of which reflected the micelle aggregation process, while the second one corresponded to the casein crosslinking into the pre-existing network. Hardy & Fanni (1981) , McMahon et al. (1984a, b, c) and Hardy et al. (1985) found analogous phenomena using optical methods.
Modelling simultaneous aggregation and curd firming
Model I was fitted to the 45 tests, which constituted the whole experiment, and resulted in a R 2 and a SEP in the range of 0 . 9996 ± 0 . 0004 and 0 . 0035 ± 0 . 0022, respectively. Model I thus predicted the diffuse reflectance profiles after T max , with excellent precision. However, the kinetic parameters generated from this model were not consistent. R 1 values were much greater than observed values. Often, characteristic times from aggregation were larger than for curd firming. The responses of kinetic parameters to changes in temperature and/or protein concentration were not logical. Thus, the regression using Model I failed to simultaneously estimate four parameters (R 1 , b 1 , k 1 , k 2 ) with reasonable values. As a consequence, restrictive information about the actual range for the model parameters was considered necessary. Each profile was split into two parts, and the kinetic constants for aggregation and curd firming were estimated separately (Fig. 2) .
Aggregation kinetics
Model II was used to fit the observed diffuse reflectance data points between T max and T 2min for each curve (Fig.  2b) . However, it was not possible to obtain consistent outcomes directly, for several reasons. First, even though Model II had only two parameters, the regression still did not yield a unique solution because both terms (R 1A -R 0A ) and k 2 appeared in the denominator and were highly correlated. Second, crosslinking sites were still being generated at T max and at a lesser rate thereafter. Third, between T max and T 2min , a short but increasing influence of the curd firming process on the diffuse reflectance increase should be expected, even though the dominant process was aggregation. Despite these limitations, the curve section between T max and T 2min was considered the most appropriate curve segment to fit a second order model for aggregation. One additional restriction on Model II was found necessary, i.e. k 2 had a constant Q 10 . It was observed that Model II easily fit the profiles between T max and T 2min for the data at 20 8C. This was logical because, at 20 8C, the smallest overlap occurred between aggregation and curd firming as observed in Fig. 5 . The aggregation rate constant obtained at 20 8C was considered less affected by interferences from curd firming. A Q 10 value of 12 was assumed for aggregation (Mehaia & Cheryan, 1983; McMahon & Brown, 1984) , and it was assumed that this Q 10 value was constant between 20 and 40 8C (Mehaia & Cheryan, 1983) . The aggregation rate constant, k 2 , calculated from Model II at 20 8C and at each protein concentration, was used with the Q 10 value to obtain the aggregation rate constants at 25, 30, 35 and 40 8C. The calculated aggregation rate constants were then substituted into Model II to calculate R 1A . Kinetic parameters obtained for aggregation are shown in Table 1 . The R 1A was found to increase with increasing protein and was consistently less than the measured R 1 indicating that only a fraction of the total change in diffuse reflectance ratio (that related to aggregation) was explained by the model. The k 2 values decreased with increasing protein content and with decreasing temperature. Subsequently the characteristic time (t 2 ) increased with increasing protein content and decreasing temperature. Thus, t 2 values obtained for aggregation responded consistently and, as expected, to temperature and protein concentration changes. The kinetic parameter k 2 was used in Model I as discussed below.
Curd firming kinetics
Curd firming kinetic parameters were estimated by fitting Model III to the observed diffuse reflectance data points from each curve after T 2min (profile Type A) (Fig. 2c) or after T 2min2 (profile Type B) using non-linear regression. The curd firming rate constant, k 1 , and the asymptotic value of the diffuse reflectance ratio resulting from curd firming, R 1F , were estimated and are shown in Table 2 . In general, as protein concentration increased, R 1F increased while k 1 decreased. An increase in temperature brought about a consistent increase in R 1F and k 1 and the subsequent decrease in t 1 . Thus, characteristic times obtained for curd firming (t 1 ) responded consistently to temperature and protein concentration changes. The kinetic parameter k 1 will be used in Model I as discussed below.
Model I validation
The aggregation and the curd firming reaction rate parameters, k 1 and k 2 , estimated for each diffuse reflectance profiles were substituted into Model I. The asymptotic values R 1A and R 1F were not used in Model I, but rather b 1 and R 1 were estimated. This approach assumed that the kinetic parameters obtained above were correct. Fitting Model I to the data after T max then effectively partitioned the measured change in diffuse reflectance ratio between aggregation and curd firming through the use of b 1 . Model I was found to consistently predict R 1 for each profile. The average R 2 value for the regression between the observed and predicted data points thought the 45 test performed in the experiment was 0 . 9975 ± 0 . 0027 and the average SEP was 0 . 0081 ± 0 . 0037 (Fig. 6) . The estimated values for b 1 monotonically changed with temperature and protein concentration and provided interesting information about the overlapping processes between aggregation and curd Table 3 .
Temperature effect on k 1 and k 2 rate constants Least squares means of R 1 , b 1 , k 1 , k 2 , t 1 and t 2 are presented in Table 4 for the five levels of temperature tested. The aggregation and curd firming rate constants, k 1 and k 2 , were found to increase with increasing temperatures (P <0 . 05), and consequently, the calculated characteristic times, t 1 and t 2 , decreased. This was consistent with previous research. Niki et al. (1994) measured the storage and loss modulus on rennet-induced gelation of casein micelles with different sizes and firming rate constant increased with temperature. Other researchers concluded similar effects of temperature on the rate of casein aggregation and/or curd firming (Dalgleish, 1983; Walstra & van Vliet, 1986; Zoon et al. 1988b; Sharma et al. 1989 Sharma et al. , 1993 .
Temperature effect on parameter R 1
Least squares means of R 1 are shown in Table 4 for the five levels of temperature tested. R 1 increased proportionally with temperature until 30 8C (P <0 . 05) and then reached a maximum. While there is consensus regarding a temperature effect on aggregation and curd firming rate constants, . 21*** R 1 , asymptotic value of the reflectance ratio at infinite time ; b 1 , increase in diffuse reflectance ratio, after T max , resulting from aggregation reaction, expressed as a percent of the total increase in diffuse reflectance ratio ; k 1 , curd firming rate constant, k 2 , aggregation rate constant ; t 1 , characteristic time for curd firming process ; t 2 , characteristic time for aggregation. DF, degrees of freedom ; F value, ANOVA F-statistic ; *significant at 95 % ; **significant at 99 % ; ***significant at 99 . 9%; ); R 1 , 2 . 07; b 1 , 0 . 0867 (11 . 2%); R 2 , 0 . 9996; and SEP, 0 . 0035. Table 4 . Effect of temperature and percentage of protein on kinetic parameters for aggregation and curd firming measured by diffuse reflectance in coagulating goats' milk using model I differences exist about temperature dependence of ultimate firmness. Sharma et al. (1993) , using a Nametre viscometer, found no significant effect of temperature on limiting value of the complex viscosity. Zoon et al. (1988b) claimed that the plateau value of the storage and loss modulus decreased with temperature between 20 8C and 40 8C. Other authors found that ultimate rigidity of curd increased with temperature (Tokita et al. 1982; Carlson et al. 1987c) . Lagoueyte et al. (1995) observed that maximum firmness decreased with increasing temperature, but contrarily, at ageing times below 4 h, they found exactly the opposite. Tobitani et al. (1995) studied the heatinduced gelation of concentrated and renneted skim milk using rheological and optical techniques and observed that when temperature increased, storage modulus increased and reached a maximum and then decreased due to a phase separation (syneresis). Recently, Horne (1998) found a linear increase of the ultimate gel strength with increasing temperature until a maximum at 35-40 8C and after that a decrease. Other authors reported the existence of a maximum in the moduli as a function of temperature (Dejmek, 1987; Roefs et al. 1990; Niki et al. 1994) . Light scatter increased during aggregation and gel network development (Peri et al. 1990 ; Ló pez, 1993) , as do rigidity moduli. The increase in diffuse reflectance seems to be directly proportional to the protein crosslinking between para-k-casein micelles (Crofcheck et al. 1999 ) and the moduli are proportional to the number of effective bonds (Zoon et al. 1988a ). Thus R 1 , is related to firming as is ultimate rigidity moduli values. Considering the role of hydrophobic bonds in three-dimensional network formation and strength (McMahon et al. 1984c ; Niki et al. 1994; Lagoueyte et al. 1994 Lagoueyte et al. , 1995 Horne, 1998) , R 1 and ultimate rigidity moduli were expected to increase with temperature. A maximum in the value of R 1 may be explained by considering that temperature not only increased the rigidity of the curd, but also enhanced the syneresis process (van Vliet et al. 1991; Lagoueyte et al. 1994 Lagoueyte et al. , 1995 . McMahon et al. (1984c) observed a decrease in light scatter intensity associated with syneresis, which was more pronounced at higher temperatures.
Effect of protein concentration on k 1 and k 2 rate constants Least squares means of R 1 , b 1 , k 1 , k 2 , t 1 and t 2 for the three levels of protein concentration studied are shown in Table 4 . An increase in the characteristic times for aggregation (t 2 ) and curd firming reactions (t 1 ) was found with increasing protein concentration. Several authors reported an increase in aggregation and/or curd firming rate with increasing protein (Walstra & van Vliet, 1986 ; van Hooydonk & van den Berg, 1988; Sharma et al. 1993) . However, we observed the opposite, a decrease in rate constants with increasing protein. This decrease is logical since the enzyme concentration was constant and the enzyme was considered saturated by the substrate. It was found that when enzyme concentration was kept constant and the casein level increased, the time-based parameters (T max , T 2max and T 2min ) increased proportionally (Castillo et al. 2003) . Thus, if an enzyme was hydrolysing in a saturated condition, an increase in concentration of casein micelles does not change the reaction rate, but requires a longer time to complete the hydrolysis. Consequently, rates of aggregation and gel firming should decrease due to higher proportion of unhydrolysed micelles that were unable to participate in gel assembly. This is in agreement with Garnot et al. (1982) who induced coagulation at constant enzyme concentration and found the degree of hydrolysis at clotting time decreased as protein concentration increased.
Effect of protein concentration on parameter R 1
Least squares means of the asymptotic value of the reflectance ratio, R 1 , for the three levels of protein concentration studied are shown in Table 4 . As expected, the parameter R 1 increased with increasing level of protein concentration (P <0 . 05). It is logical that as protein concentration increased, the concentration of crosslinks per volume in the curd increased resulting in a larger R 1 . A power law dependence between maximum curd firmness (normally measured as rigidity modulus or as complex viscosity) and protein concentration was observed by several authors (Culioli & Sherman, 1978; Garnot et al. 1982; Zoon et al. 1988a; Sharma et al. 1993 ; Niki et al. 1994) :
were d, b were constants, G 1 was the rigidity modulus at infinite time, m 1 * was the complex viscosity at infinite time and C p was the protein concentration. The b value reported in the literature was typically between 1 . 8 and 4 for parameters G 1 or m 1 *. In order to compare the behaviour of R 1 with the observed values for the rheological parameters G 1 and m 1 *, a linear least squares regression of ln(R 1 ) as a function of ln(C p ) was conducted to estimate the exponent, b, for the test data. Regression results show that b had a value of 0 . 2 with a R 2 value of 0 . 96. Temperature did not significantly affect b value in the range studied (20 -40 8C). The effect of protein concentration on the shape of the diffuse reflectance profile was clearly different from that of a rheological curve. It appears inappropriate to make a comparison between the effect of protein on the light scattering parameter, R 1 , and the rheological parameters G 1 or m 1 *.
Effect of protein concentration and temperature on parameter b 1
The parameter b 1 , expressed as a percent of the total increase in diffuse reflectance (R 1 -R max ), was determined from regression of Model I and the least squares means presented in Table 4 . b 1 represents the percent of the increase in reflectance after T max attributed to aggregation. Least squares means of b 1 were found to decrease with temperature and increase with protein concentration. Not all of the reflectance change was captured by the experimental method due to a fraction of the aggregation reactions occurred prior to T max . In addition, the curd firming reaction may not have been taken to the same extent for all temperatures, especially at the low temperatures. The value b 1 should not be interpreted to have a significant physical effect other than to represent the fraction of the reflectance increase utilised in the regression for aggregation process. However, the trends in b 1 may be explained by the effect of protein and temperature on the reaction rate constants k 1 and k 2 .
Plotting k 1 and k 2 as a function of temperature and protein, it was found that changes in temperature and/or in protein concentration brought about a stronger change in aggregation rate as compared to curd firming rate. Thus, k 2 should be considered more sensitive than k 1 to changes in temperature and protein. This could partially explain the statistically significant decrease in b 1 with increasing temperature and decreasing protein. As it can be observed in Table 4 , when temperature increased, aggregation rates increased proportionally more than curd firming rates (Q 10 for aggregation > Q 10 for curd firming) and subsequently contribution of aggregation to the total increase of reflectance decreased.
Conclusions
A kinetic model (Model I) was developed to predict the change in diffuse reflectance ratio after T max during the enzymic coagulation of skimmed goats' milk under experimental conditions where protein and temperature were varied. The model assumed that aggregation of casein micelles was a second order reaction and curd firming was a first order reaction. The appearance of a shoulder at low temperatures and protein levels in the reflectance ratio profile appeared to separate the aggregation and curd firming stages. The diffuse reflectance curve was broken into two segments : one before the shoulder and one after the shoulder. The second and first order reaction parameters, k 2 and k 1 , were determined by fitting the second and first order models (Models II and III, respectively) to the corresponding profile segments. The parameters k 1 and k 2 were then combined into the total model (Model I) to fit the entire diffuse reflectance profile after T max . Model I predicted the increase in diffuse reflectance ratio with an average R 2 and a SEP of 0 . 9975 and 0 . 0081, respectively. The characteristic reaction times, t 1 and t 2 , calculated from k 1 and k 2 were much smaller for the aggregation reactions than for the curd firming reactions which may explain why aggregation has evaded measurement by many experimental techniques. The asymptotic limit of the diffuse reflectance ratio increased with increasing temperature and protein content. The results show that the increase in diffuse reflectance ratio during coagulation of milk, occurring after T max , resulted from a combination of aggregation reactions and curd firmness development. The data presented clearly shows that gel assembly actually consists of two distinct but overlapping phases : aggregation and curd firming, both of which contribute to the diffuse reflectance profile. Factors affecting cutting time should exert different influence on aggregation and curd firming processes. Consequently, inclusion of kinetic information related to both reactions into the diffuse reflectance models for cutting time prediction may increase prediction accuracy. 
